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Introduction
============

Perfect lubricants reduce friction and wear for solids in relative motion even when normal loads are high. To achieve this, the lubricant should remain in the contact during sliding and at rest. However, under a positive normal load, simple, low-viscosity liquids are quickly squeezed out of the contact area and even higher-viscosity oils are expelled eventually. Yet, biological contacts, *e.g.,* in human joints, remain lubricated with low-viscosity fluids at all times. Nature realizes such efficient lubrication using sugar chains attached to solid surfaces^1^. The hydrophilic sugar chains keep an aqueous liquid in the contact provided that the normal pressure does not exceed the osmotic pressure of the solvent^2^. Therefore, a lot of effort has been directed towards mimicking biological lubricants by grafting polymers to solid surfaces forming so-called polymer brushes^3-12^.

When two opposing polymer brushes are brought into contact, segments of the polymer chains on one side can move into the brush chain segments at the opposite side. This effect is called interdigitation^13^. When the brushes are in relative sliding motion, interdigitation is the main source of wear^14^ and friction^15-17^. In fact, recently, friction-velocity relations for sliding polymer brushes have been derived^18^. These scaling laws are based on interdigitation and the consequent stretching and bending of the polymers upon sliding. The main characteristics agree with results of surface forces apparatus experiments^19^ and of molecular dynamics (MD) simulations^20^. In the latter the degree of overlap can be directly quantified. Moreover, it was shown that the overlap between polyelectrolyte brushes can be tuned by applying an electric field^21^. Thus, if interdigitation can be circumvented, friction and wear in these systems would be significantly reduced.

In a recent publication^22^ we have shown via MD simulations that two immiscible solvated polymer brush systems prevent overlap between the brushes. Moreover, upon sliding the brushes, we found a decrease of the friction force by two orders of magnitude compared to the traditional miscible brush systems, in excellent agreement with our atomic force microscopy (AFM) measurements. Here, we explain in detail how to set up the AFM experiments of Ref. 22. The basic principle is sketched in **Figure 1**. On the two counter-surfaces, two different brushes, each solvated by their own preferred solvent, are needed. In this configuration each brush remains in its own solvent. Consequently, polymer segments from one brush do not penetrate into the other brush. Poly(methyl methacrylate) (PMMA) is grafted from an AFM colloidal probe and the brush is solvated by acetophenone. From the flat surface poly(*N*-isopropylacrylamide) (PNIPAM) is grafted and solvated in water. To compare the present system to traditional miscible systems, a second flat counter-surface bearing a PMMA brush solvated in acetophenone is made. The measured friction force upon sliding the immiscible system of PMMA on PNIPAM is approximately 1% of the friction for the miscible system of PMMA on PMMA. Note that the use of these particular brush systems is just one example. The presented method is generic and works due to the preferred absorbance of the solvents in the different brushes. Therefore, more types of brushes are expected to be applicable, as long as the chosen solvents de-mix in the two brushes. The effect is amplified by using two non-mixing solvents (like acetophenone and water) such that an extra slippery fluid-on-fluid-sliding interface is created^22,23^.

Protocol
========

NOTE: **Figure 2** illustrates the sample preparation procedure. Polymer brushes were grafted from silicon (Si) substrates (path (a)), from gold-coated substrates (100 nm gold evaporated on Si wafer having a 10 nm Cr adhesion layer, path (b)), and from gold colloidal AFM probes (6 μm diameter, path (c)) by surface initiated atom-transfer radical polymerization (SI-ATRP)^24^. The AFM measurements were performed on a Multimode AFM with the low-noise head, vertical engage scanner and a liquid cell.

1. Sample Preparation
---------------------

1.  Substrate preparation Initiator deposition on silicon surfaces. Clean the silicon substrates with chloroform, then piranha solution, subsequently rinse with purified water, ethanol and chloroform.Place the dry substrates into a desiccator around a vial containing 50 µl (3-aminopropyl) triethoxysilane.Evacuate the desiccator with a rotary vane pump for 15 min and close it subsequently. Allow the vapor deposition to proceed O/N.Prepare a solution of 40 ml toluene (degased) and 40 µl triethylamine in an Erlenmeyer flask.Place the substrates in the flask and drop-wise add 40 µl 2-bromo-2-methylpropionyl. Keep the substrates in the solution, to avoid deposition of salt crystals formed in solution.Stir the solution for 4 hr.Rinse the substrates with toluene and ethanol. Next, place the substrates into the polymerization vials.Initiator deposition on gold surfaces Prepare a monolayer solution: dissolve 2-bromo-2-methyl-propionic acid 11-\[11-(2-bromo-2-methyl-propionyloxy)-undecyldisulfanyl\]-undecyl ester in 20 ml degassed chloroform (0.2 mM).Transfer ca. 1.5 ml monolayer solution into a small vial that was previously flushed with Argon.Clean the gold-coated substrates with chloroform and piranha solution. Subsequently rinse with purified water, ethanol and chloroform.Immerse the cleaned substrates into the monolayer-solution and close the flask. Store O/N in a dark place.Clean the gold colloidal probes with ethanol and chloroform by dipping them into the solvents.Immerse the colloidal probes into the vial containing the monolayer solution. Close firmly and keep it in a dark place O/N.Remove the substrates from the solution, wash with chloroform and ethanol. Next, transfer the initiator coated substrates into the polymerization flask.Remove the colloidal probes from the monolayer solution, wash with chloroform and ethanol. Next, transfer each probe separately into the polymerization vial.

2.  Polymerization SI-ATRP of PMMA Purge the flask and vials, containing the initiator-covered substrates (both Si and gold) and the colloidal probes with Argon for 30 min.Dissolve 10 g methyl methacrylate (MMA) in the ATRP medium (10 ml methanol/water mixture with ratio 5:1) and degas the solution for 2 hr.Add 145 mg CuBr and 320 mg 2,2-bipyridine into a flask equipped with a magnetic stirring bar, and deoxygenize by 3 vacuum-Ar backfill cycles.Transfer the degassed monomer solution into the flask (containing the copper) and stir for another 15 min until a clear brown solution is observed.Attach a needle to a 2 ml syringe and flush the needle and the syringe with argon 2-3 times.Withdraw 1 ml polymerization solution with the syringe and inject the content into the small reaction vial, containing the colloid probe.Withdraw the remaining solution with the syringe and inject the content into the reaction vial, containing the flat substrates. Add enough solution to submerge each sample completely.Conduct the polymerization for 40 hr at RT.Remove the samples from the polymerization solution and wash with ethanol and chloroform in multiple cycles. The coloring of the sample indicates the presence of the brush.Finally, dry the substrates under a stream of nitrogen.Keep flat substrates in a nitrogen box. Store polymer brush modified probes in toluene.SI-ATRP of PNIPAM^10^ Purge the flask and vials, containing the initiator-covered substrates (both Si and gold) and the colloid probes with argon for 30 min.Dissolve 5.6 g *N*-isopropylacrylamide and 320 µl PMDETA in the ATRP medium (1.6 ml water and 18 ml methanol) and degas the solution for 2 hr.Add 76 mg CuBr into a flask equipped with a magnetic stirring bar, and deoxygenize by 3 vacuum-Ar backfill cycles.Transfer the degassed monomer solution into the flask that contains the copper. Stir for another 15 min until a clear green solution is observed.Attach a needle to a 2 ml syringe and flush the needle and the syringe with argon 2-3 times.Withdraw 1 ml polymerization solution with the syringe and inject the content into the small reaction vial, containing the colloid probe. Repeat for all probes.Withdraw the remaining solution with the syringe and inject the content into the reaction flask, containing the flat substrates. Add enough solution to submerge each sample completely.Conduct the polymerization for 2 hr at RT.Remove the samples from the polymerization solution and wash with ethanol and water through multiple cycles. The appearing color of the sample indicates the presence of the brush.Immerse the sample into 0.1 M EDTA solution and keep it in the solution O/N to remove all the copper. Wash with purified water and ethanol.Keep the flat substrates in a nitrogen box. Store the PNIPAM brush modified probes in purified water.

3.  Brush characterization, Fourier Transform Infrared (**Figure 3**) NOTE: Use grazing-angle FTIR mode for polymer brushes on gold substrate and transmission FTIR mode for polymer brushes on Si substrate. Dry all samples carefully. Any water and solvent contamination can cause serious damage of the detector.  Start up the equipment according to the manual provided by the manufacturer.Set the following parameters for sample measurement: range between 900 and 3,700 cm^-1^with a resolution of 4 cm^-1^ and average 32 scans in each measurement. Clean a blank substrate according to the protocol used for sample preparation, dry carefully and place it to the measurement chamber.Apply vacuum for 4 hr. Next, record a background scan.Remove the blank sample and place the dry polymer brush coated sample in the sample chamber.Apply vacuum in the sample chamber and record a sample-scan every 30 min for 5 hr.Identify all peaks in the spectra to confirm chemical composition of the polymer brush. (Only analyze the scans with a straight baseline.)

2. AFM Measurement
------------------

1.  Scratch the PMMA brush covered substrate carefully with a needle, rinse with a good solvent to remove the excess of polymer and dry it.

2.  Mount the samples into the AFM instrument and mount the probe into the liquid cell.

3.  Align the laser on the end of the cantilever.

4.  With use of the camera, align the tip above a scratch.

5.  Before approaching and engaging the tip, set the scan size 0 nm. Next, engage the tip to the surface.

6.  Go to 'ramp mode' and determine the deflection sensitivity via force distance curves. Calibrate the normal spring constant using the 'thermal tune' as implemented in the software and torsional spring constant of the cantilever using the method of Wagner *et al*.^25^ Capture the torsional thermal noise of the cantilever in air for 2 sec using the high speed data capture in the software (6.25 MHz).Convert the thermal noise into the power spectral density (V^2^/Hz) using the Fourier Transform.Determine the fundamental resonance and the quality factor of the cantilever in air using the resonance peak in the power spectral density and the equation for a simple harmonic oscillator including baseline noise (eq. 2 of Ref. 25).Calculate the torsional spring constant using the inplane dimensions of the cantilever (length and width), the density and viscosity of the surrounding medium (air) and the quality factor and resonance frequency determined in step 2.6.3 using the method of Sader^26^. NOTE: We used the tool provided on the website of John Sader: www.ampc.ms.unimelb.edu.au/afm/calibration.html.Calculate the torsional angle deflection sensitivity of the cantilever using eq. 6 and 7 of Ref. 25.Convert the torsional spring constant and deflection sensitivity into the lateral spring constant and deflection sensitivity using the size of the colloid, the thickness of the cantilever and eq. 8 of Ref. 25. NOTE: the detector signal can now be converted into a force via: force \[N\] = lateral spring constant \[N/m\] \* lateral deflection sensitivity \[m/V\] \* detector signal \[V\].

7.  Measure the brush height of the dry brush by imaging the brush at a scratch at the lowest possible deflection setpoint. Determine the brush height from the line-scans of the captured image.

8.  Solvate the brush in acetophenone by gently applying it to the surface with a syringe. NOTE: The color of the sample changes as the solvent evaporates. This allows for following the drying process.

9.  Mount the sample to the AFM. Align the vertical laser signal to -1.0 V. Set the deflection setpoint to 0 V and engage the cantilever and surface. NOTE: After bringing the cantilever in contact with the surface, the acetophenone moves into the brush on the colloid creating a capillary bridge between the tip and the surface.

10. Set the scan size to 40 μm, disable the slow scan axes and set image aspect ratio to 1:4. Record the height and the friction image channels (both trace and retrace).

11. When the images are captured withdraw the cantilever.

12. Apply a drop of water on the PNIPAM brush-covered surface, to solvate the PNIPAM brush.

13. Lift the head and quickly replace the PMMA surface by the solvated PNIPAM surface to create the immiscible system. Be quick when exchanging the surfaces, to avoid evaporation of the acetophenone from the PMMA brush on the colloidal probe.

14. Engage the tip and surface, and record images with same parameters as previously.

Representative Results
======================

**Figure 4** shows representative AFM force traces upon sliding both the miscible and the immiscible polymer brush systems. The friction force *F* is normalized by the friction force at steady state sliding *F*~sym~ for the symmetric, miscible system. The swollen brush height in these experiments was 1,010 nm for PMMA and 532 nm for PNIPAM. The force traces are captured after following the procedure described in the Protocol section. In these experiments the surface was moved back and forth with a velocity *v* of 80 μm/sec while applying a normal load of 30 nN. The difference in friction force for the miscible (left panel) and immiscible (right panel) brush systems can be clearly observed. The steady state friction force in the left panel is 90x higher than the steady state friction force in right panel. For the immiscible system the measured friction force is typically 0.5--2% of the friction force measured for the miscible system. Though the exact friction reduction depends on the grafting density, degree of polymerization, amount of solvent, and (weakly) on the normal load and sliding velocity, it is always around two orders of magnitude. If we increase the sliding velocity for the system described above by a factor 5 (to 400 μm/sec), the friction reduction decreases by 2%. If we increase the normal load by a factor 10 (to 300 nN), the friction reduction decreases by 3%.

**Figure 1.Schematic sketch of the setup.** Left panel shows the miscible system, where the same polymers are grafted from the surface and the colloid. The brushes are solvated in a one-phase liquid. The right panel shows the immiscible system of two different polymer brushes. Each brush is solvated in its own preferred liquid. In traditional miscible systems the polymers of the opposite brushes overlap. For the immiscible system, opposite brushes do not interdigitate such that friction and wear during sliding is reduced.

**Figure 2.Schematic sketch of the sample preparation procedure as described in the Protocols section.**From left to right shows the procedure of brush preparation via initiator deposition and surface initiated atom transfer radical polymerization (SI ATRP). Path (**A**) describes the brushes grafted from silicon surfaces, (**B**) brushes grafted from gold coated silicon surfaces and (**C**) brushes grafted from gold colloids on atomic force microscopy probes. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/52285/52285fig2highres.jpg)

**Figure 3.FTIR spectra of the PMMA (blue) and PNIPAM (green) brushes on silicon (thick lines) and gold (thin lines).** The data was taken from Suppl. Mat. of Ref. 22. **PMMA wavenumbers (cm^−1^)**: 3,050--2,990 (CH stretching vibration), 1,730 C=O (double bond stretching vibration), 1,450 (CH~3~ and CH~2~ deformation vibration), 1,260--1,040 (C-O-C single bond stretching vibration), 880--960 (C-O-C single bond deformation vibration). At 1,730 cm^−1^ the characteristic stretching vibration peak of the C=O group is apparent. **PNIPAM wavenumbers (cm^-1^)**: 3,289 (N-H symmetric and asymmetric stretching vibration), 3,078, 2,971, 2,933, 2,874 (asymmetric and symmetric C-H stretching vibration in -CH~2~-), 1,635 (C=O stretching vibration), 1,535 (amide II), 1,458 (C-H asymmetric bending deformations), 1,386 (C-H symmetric bending deformations), 1,366--1,170 (C-N asymmetric stretching vibrations). At 1,635 and 1,535 cm^−1^ the characteristic stretching vibration peaks of the amide group are apparent.

**Figure 4.Averaged, filtered and smoothed force traces upon sliding the miscible (left) and immiscible (right) systems (adjusted from Ref. 22).** The surface is moved back and forth by 40 μm at a scan-rate of 1 Hz and normal load of 30 nN.

Discussion
==========

The presented results show that the friction, for immiscible systems of individually solvated brushes, is strongly reduced compared to traditional miscible systems of two of the same solvated brushes. The preferred absorbance of the different solvents in the two brushes prevents the brushes from interdigitating and consequently a major source of wear and dissipation in polymer brush friction is eliminated. The presented method is therefore fundamentally different from sliding dry hydrophilic on hydrophobic brushes, where the friction will be determined by brush-specific interactions^27^. In fact, upon shearing PMMA on PNIPAM (collapsed height 166 nm) without solvents, we found that the friction was 50% higher compared to dry PMMA on PMMA (collapsed height 236 m).

As already pointed out shortly in the notes of the 'Protocol' section, there are a couple of crucial points that need to be kept in mind while performing these particular experiments: Firstly, acetophenone is a better solvent for PNIPAM than water. Thus, care should be taken that acetophenone does not enter the PNIPAM brush by wetting the PNIPAM brush with plenty of water. Since acetophenone and water do not mix, the acetophenone will now not enter the PNIPAM brush. That is why we did not immerse our system completely in acetophenone, but instead created an acetophenone capillary for the miscible system. Another reason for incomplete immersion is that complete immersion results in too strong hydrodynamics, such that we only measured the Stokes drag on the colloid and cantilever. Secondly, in AFM experiments the torsional and normal spring constants are coupled. Cantilevers with a low normal spring constant will also have a relatively low torsional spring constant and vice versa. This limits the lowest measurable friction coefficient to \>10^-3^. Thus, in order to measure the full friction reduction, the friction for the miscible system needs to be high. This is achieved by using long high-density brushes and a relatively high shear velocity of typically 100 m/sec. Moreover, the capillary between the brushes also increases the friction forces. We measured the lowest friction coefficient, for an immiscible system^22^, of *μ* = 0.003 under an estimated normal stress of 200 kPa. Using the same experimental conditions, we found that *μ* = 0.15 for the miscible system.

Note that the experiments were performed in a controlled laboratory environment and that surfaces used in industry are not as ideal as used in the presented experiments. Most surfaces have a non-uniform roughness distribution^28^ and thus many asperities of different shapes and sizes. During the collision of two brush-bearing asperities, the friction is composed out of different dissipation channels^29^. Next to steady-state dissipation mechanisms, such as interdigitation and solvent flow, there will be hysteretic effects in the shape^30^ due to the slow relaxation time of the polymers and solvent. Besides, capillaries are formed and broken. In the traditionally used miscible brush systems, transient interdigitation^31^ amplifies shape- and capillary hysteresis. With the immiscible system presented here, transient interdigitation is eliminated too. Moreover, capillary hysteresis can be circumvented by application of two immiscible solvents. Therefore, also for the more common rough surfaces, friction and wear will be reduced using immiscible brush systems^22^. The main source of friction that remains is brush deformation. Anchoring polyzwitterionic polymers, which are known for their intrinsic low friction^32^, onto one of the surfaces can minimize the latter. In such systems the osmotic pressure of the solvent is high resulting in little brush deformation under high normal loads.

The presented method of immiscible brush systems can be applied in almost any system where low friction is desirable. The method functions well under high pressures. However, care should be taken that the temperature is kept around RT. High temperatures damage the polymers, which will cause liquid-flow out of the contact and consequently high friction. Examples of potential application are: syringes, piston systems, axle bearings and hinges.
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